Abstract Radionecrosis is a well-characterized effect of stereotactic radiosurgery (SRS) and is occasionally associated with serious neurologic sequelae. Here, we investigated the incidence of and clinical variables associated with the development of radionecrosis and related radiographic changes after SRS for brain metastases in a cohort of patients with long-term follow up. 271 brain metastases treated with single-fraction linear accelerator-based SRS were analyzed. Radionecrosis was diagnosed either pathologically or radiographically. Univariate and multivariate Cox regression was performed to determine the association between radionecrosis and clinical factors available prior to treatment planning. After median follow up of 17.2 months, radionecrosis was observed in 70 (25.8 %) lesions, including 47 (17.3 %) symptomatic cases. 22 of 70 cases (31.4 %) were diagnosed pathologically and 48 (68.6 %) were diagnosed radiographically. The actuarial incidence of radionecrosis was 5.2 % at 6 months, 17.2 % at 12 months and 34.0 % at 24 months. On univariate analysis, radionecrosis was associated with maximum tumor diameter (HR 3.55, p \ 0.001), prior whole brain radiotherapy (HR 2.21, p = 0.004), prescription dose (HR 0.56, p = 0.02) and histology other than non-small cell lung, breast or melanoma (HR 1.85, p = 0.04). On multivariate analysis, only maximum tumor diameter (HR 3.10, p \ 0.001) was associated with radionecrosis risk. This data demonstrates that with close imaging follow-up, radionecrosis after single-fraction SRS for brain metastases is not uncommon. Maximum tumor diameter on pre-treatment MR imaging can provide a reliable estimate of radionecrosis risk prior to treatment planning, with the greatest risk among tumors measuring [1 cm.
Introduction
Stereotactic radiosurgery (SRS) is a widely utilized technique for the treatment of brain metastases. While SRS is generally well tolerated, a proportion of patients experience late treatment-related changes characteristic of radionecrosis. As most stringently defined, cerebral radionecrosis requires histologic demonstration of necrotizing alterations attributable to therapy involving native neuroparenchyma rather than, or in addition to, the target tumor. Characteristic features include hypocellular zones of necrosis and fibrinous exudates reflecting vascular injury, the latter also evidenced by vascular ectasia as well as hyalinizing and fibrinoid mural alterations of regional blood vessels. Dystrophic calcifications are commonly associated with this process, with inflammatory responses being quite variable. Because pathologic confirmation is not always possible, the diagnosis of radionecrosis is most commonly made on the basis of clinical symptoms and radiographic findings. In some cases, radionecrosis can cause neurologic symptoms requiring treatment with long-term steroids or surgical resection, while in other cases it can be entirely asymptomatic. When symptoms are not present, radionecrosis must be inferred based on the evolution of imaging changes over time and can be difficult to distinguish from other processes such as post-treatment inflammation. Reported rates of radionecrosis range from 2 % to greater than 30 % [1] [2] [3] [4] [5] [6] [7] [8] , but there remains a paucity of data on the actuarial rates of necrosis and related imaging changes with long-term follow up.
Several previous studies have attempted to investigate which factors are associated with the development of radionecrosis after SRS [3] [4] [5] [6] [9] [10] [11] [12] [13] , but the indications for SRS in these studies vary quite widely, with several including benign lesions such as arteriovenous malformations, which are typically treated with lower doses than metastatic lesions [9] [10] [11] [12] [13] . In addition, as several of these reports focus almost exclusively on treatment-related variables, the significance of patient and tumor characteristics prior to treatment planning has been incompletely characterized.
In this large, retrospective, single-institution study, we investigated the rate of radionecrosis, including pathologically confirmed or symptomatic radionecrosis and asymptomatic radiographic changes consistent with radionecrosis, in a closely-followed patient cohort treated for brain metastases using linear accelerator-based SRS. We also analyzed the association of radionecrosis with various clinical variables, with the goal of identifying which pre-treatment characteristics could guide clinicians in estimating a patient's risk of radionecrosis prior to initiation of treatment planning.
Materials and methods
We retrospectively reviewed patients treated with singlefraction SRS for brain metastases at our institution from 2007 through 2009. Patients surviving fewer than 6 months after radiosurgery were excluded, as were lesions that had been surgically resected prior to SRS. Only lesions that were surgically resected after SRS, or followed for at least 6 months with MRI imaging after SRS were included in the final analysis.
Brain metastases were treated with linear acceleratorbased SRS using a framed technique. Patients were immobilized in a Brown-Roberts-Wells (BRW) frame (Integra Radionics, Burlington, MA) and positioned using a localizing frame. The gross tumor volume (GTV) was determined with fused MR imaging. The planning target volume (PTV) was defined as a 2 mm three-dimensional expansion around the GTV. Radiation treatment plans consisted of 8-12 non-coplanar static fields using the micro-multileaf collimator m3 (BrainLAB, Feldkirchen, Germany). Plans were developed so that the 80 % isodose line (IDL) encompassed the PTV in the most conformal manner possible. The prescription dose, which was at the discretion of the treating physician, was prescribed to the 80 % IDL. In general, PTVs measuring less than 2 cm in greatest diameter were treated to 21 Gy, with smaller tumors occasionally receiving up to 22 Gy. PTVs measuring 2-3 cm were typically treated to 18 Gy, and PTVs greater than 3 cm were treated to 15 Gy. After the completion of SRS, patients were evaluated with a brain MRI at 2 months and every 3 months thereafter.
In patients undergoing post-SRS surgical resection, the presence of radionecrosis was determined based on histologic findings. For those patients without a pathologic diagnosis, radionecrosis was diagnosed if patients had MRI changes consistent with necrosis in the setting of new neurologic symptoms or a new steroid requirement. In asymptomatic patients, the diagnosis of radionecrosis was based on MRI (including diffusion-weighted imaging, perfusion-weighted imaging and MR spectroscopy) and FDG-PET. Treatment change consistent with radionecrosis was diagnosed if patients had either two consecutive MRIs with evidence of necrosis [14] or MRI accompanied by advanced MRI and/or PET imaging suggestive of necrosis [15] [16] [17] [18] [19] . Lesions with only one MRI demonstrating radionecrosis were carefully reviewed by the authors in the context of the overall clinical scenario. Lesions were scored as having radionecrosis if the MRI lacked evidence of distant intracranial progression and contained hallmark characteristics of necrosis including central hypodensity and peripheral enhancement on T1-weighted post-contrast imaging, with edema on T2-weighted sequences.
Actuarial incidence of radionecrosis was estimated using the Kaplan-Meier method, with lesions censored at time of resection or last brain MRI. If whole brain radiotherapy (WBRT) was delivered after SRS, lesions were not censored at the time of WBRT, in order to fully characterize all radionecrosis events observed in clinical practice. Cumulative incidence of radionecrosis requiring surgery was estimated using competing risks analysis, using death or surgery without radionecrosis as competing risks. Univariate Cox regression was performed to investigate the relationship of radionecrosis with the following clinical factors: gender, age, Karnofsky performance status (KPS), tumor histology, tumor location, tumor size, prescription dose, prior WBRT, and use of concurrent cytotoxic chemotherapy or bevacizumab. Tumor size was recorded as the maximum diameter on pre-treatment MRI. Concurrent use of cytotoxic chemotherapy or bevacizumab was defined as administration within 8 weeks of SRS. Continuous variables were analyzed dichotomously, with the median value as a cutoff. For discrete variables with more than two groups, the largest group was used as the reference. Those factors with a p value of \0.10 on univariate analysis (UVA) were included in the multivariate analysis (MVA). Statistical significance was defined as a p value \0.05.
Results
We reviewed 327 patients with 583 metastatic lesions who received single-fraction SRS at our institution from 2007 to 2009. 160 patients with 271 lesions met the inclusion criteria. Median follow-up was 17.2 months (range 1.7-67.9). Patient and tumor characteristics at the time of SRS are listed in Table 1 . The median patient age was 61 years (range 21-84). Patient KPS at the time of SRS was 90 % or greater in the majority of cases (65.1 %). Tumors were most commonly of non-small cell lung origin (42.8 %), with melanoma (22.9 %) and breast (15.9 %) the next most common. The median tumor size, as measured by maximum diameter of the GTV on MRI, was 1.1 cm (range 0.2-4.5). The median prescription dose was 21 Gy (range [15] [16] [17] [18] [19] [20] [21] [22] , with 74.9 % of lesions receiving a dose of 21 or 22 Gy. 39 lesions (14.4 %) had previously received WBRT.
Evidence of radionecrosis, including asymptomatic radiographic treatment change, was observed in 25.8 % (n = 70) of lesions. The actuarial incidence was 5.2 % at 6 months (95 % CI 2.5-7.8 %), 17.2 % at 12 months (95 % CI 12.1-22.0 %), 23.0 % at 18 months (95 % CI 17.0-28.6 %) and 34.0 % at 24 months (95 % CI 26.4-40.7 %) (Fig. 1) . The median time to first diagnosis of radionecrosis was 10.7 months (range 2.7-47.7). Of those lesions that developed evidence of treatment change consistent with radionecrosis, 67.1 % (n = 47) were symptomatic ( Table 2 ). The incidence of symptomatic radionecrosis was 11.8 % at 12 months (95 % CI 8.1-17.0 %)( Supplementary Fig. S1 ). The diagnosis of radionecrosis was confirmed pathologically in 22 (31.4 %) cases, with the remainder being diagnosed by imaging alone. Among those cases diagnosed by imaging, 27 were seen on MRI alone, while 21 were confirmed using FDG-PET imaging. 36 lesions were resected during the follow up period, either because of worsening neurologic symptoms or suspicion for disease progression. 22 of these were found to have evidence of radionecrosis. The cumulative incidence of radionecrosis requiring surgical resection was 5.5 % at 12 months (95 % CI 2.8-8.3 %)(Supplementary Fig. S2 ).
On UVA, radionecrosis, including asymptomatic treatment change, was associated with maximum tumor diameter (HR 3.55, 95 % CI 2.03-6.21, p \ 0.001), prior WBRT (HR 2.21, 95 % CI 1.28-3.83, p = 0.004), prescription dose (HR 0.56, 95 % CI 0.34-0.91, p = 0.02) and histology other than non-small cell lung cancer, breast cancer or melanoma (HR 1.85, 95 % CI 1.02-3.37, p = 0.04) ( Table 3) . Multivariate regression revealed only tumor size (HR 3.10, 95 % CI 1.71-5.64, p \ 0.001) to be significant. The grouping of ''other'' histologic subtype Table S1 ). When including only those lesions that were symptomatic or required surgery, radionecrosis remained significantly associated with maximum tumor diameter, prior WBRT and ''other'' histologic subtype on MVA (Supplementary Table S2 ). Given the strong association between radionecrosis and maximum tumor diameter, the risk of radionecrosis was estimated based on this variable alone. The incidence of radionecrosis, including asymptomatic treatment change, was 2.9 % at 12 months in tumors measuring 0.5 cm or less (95 % CI 0.4-18.6 %), 6.6 % in tumors measuring 0.6-1.0 cm (95 % CI 2.8-13.1 %), 19.1 % in tumors measuring 1.1-1.5 cm (95 % CI 11.7-30.4 %) and 37.8 % in tumors measuring larger than 1.5 cm in greatest diameter (95 % CI 25.9-52.8 %) (Fig. 2) . The incidence of symptomatic radionecrosis followed this same trend, with the lowest rates of radionecrosis seen in those tumors with a maximum diameter of 0.5 cm or less ( Supplementary   Fig. S3 ). Radionecrosis requiring surgery was rare in small tumors, with only one event occurring in lesions measuring 1.0 cm or less in maximum diameter.
Discussion
The estimated rate of radionecrosis after single-fraction SRS for brain metastases varies widely among studies. Previous large, prospective, multi-institutional trials investigating the effectiveness of SRS in treating brain metastases reported a low cumulative incidence of radionecrosis, on the order of 1.5-3.0 % [1, 2] . These studies were not designed to robustly evaluate for the development of symptomatic radionecrosis and did not record asymptomatic treatment change. Multiple retrospective studies have reported higher rates of radionecrosis, ranging from 6.2 % to more than 30 % [3] [4] [5] [6] [7] , likely reflecting differences in patient population, extent of follow up, and definition of radionecrosis.
We report a crude rate of radionecrosis, including both symptomatic and asymptomatic treatment change, of 25.8 %. This is toward the upper range of other similar retrospective studies. Several potential explanations may exist. First, all patients included in this study were followed closely with imaging, including brain MRIs every 3 months and FDG-PET scans as needed to help distinguish necrosis from recurrence. This intensive follow up allowed us to capture events that may have been missed if patients had been lost to follow up or incompletely imaged. In addition, unlike some other studies, we chose to exclude those patients who survived fewer than 6 months [3, 5] . Because the diagnosis of radionecrosis typically requires multiple imaging studies over time, excluding lesions with short follow up likely increased our event rate. Furthermore, detection of radionecrosis may have been increased due to the high frequency of surgical resection in our cohort. This high rate of post-SRS resection provides a definitive diagnosis of necrosis in some cases that may otherwise have been thought to represent disease progression. In support of this, we report pathologic confirmation of radionecrosis in 31.4 % of cases (Table 2) , while other series examining radionecrosis rates report pathologic confirmation in only 0-25 % of cases [4] [5] [6] .
In addition to investigating the rate of radionecrosis, we also sought to determine which clinical factors were associated with the development of radionecrosis. Maximum tumor diameter on pre-SRS MRI was most strongly associated with radionecrosis, on both UVA and MVA (Table 3) . Even when asymptomatic radionecrosis was excluded from the analysis, maximum tumor diameter remained strongly significant (Supplementary Table S2 ). While tumor volume has previously been identified as a predictor of SRS complications [12, 20, 21] and radionecrosis after SRS [8, 10, 22] , many of these studies included hetereogenous treatment indications and populations. Our data add to the literature by clearly defining maximum tumor diameter as the most important pretreatment clinical factor determining necrosis risk in patients undergoing single-fraction linear accelerator-based SRS for brain metastases (Fig. 2) .
It is important to note that multiple prior studies have reported relationships between dose-volume parameters and radionecrosis risk-first in the setting of arteriovenous malformation (AVM) [9, 23, 24] and subsequently in brain tumors treated with SRS [25] . Multiple dose-volume parameters have been suggested to associate with radionecrosis risk, including V10 Gy [11, 26] , V12 Gy [3, 6] , V10-V18 Gy [5] , V8-V18 Gy [4] , V15 Gy [6] and V22 Gy [6] . While these studies have been important in developing our understanding of radionecrosis and its underlying causes, differences in technique and inclusion criteria between these studies have precluded implementation of a single widely applicable dose-volume parameter. Furthermore, treatment planning variables are unavailable to clinicians at the time of consultation, when initial decisions must be made regarding the relative risks and benefits of radiosurgery for a given patient. In order to guide clinical decision-making at the time of initial consultation, we chose not to include dose-volume parameters in our analysis, instead limiting our study to variables known prior to initiation of treatment planning. Aside from tumor size, ''other'' tumor histology nearly reached significance on MVA. This is a grouping comprised of twelve uncommon histologic subtypes excluding melanoma, breast carcinoma and non-small cell lung carcinoma. The high rate of necrosis in this group was driven by the relatively large number of events in tumors of thyroid, ovarian, and small cell lung histology (Supplementary  Table S1 ). While possible explanations may exist, such as increased use of WBRT in patients with small cell lung cancer, the small number of patients with these tumor types in our study precludes any further analysis.
Bevacizumab has been reported to be effective in treating radionecrosis [27, 28] . We included use of this agent in our analysis to determine if it is protective against radionecrosis. We did not observe a decreased risk of radionecrosis, perhaps because only 24 lesions received bevacizumab concurrent with SRS treatment.
Prior WBRT was associated with an increased risk for radionecrosis on UVA. When considering only symptomatic lesions or those requiring surgery, prior WBRT retained significance on MVA. The suggestion that WBRT may predispose patients to the development of radionecrosis is supported by Korytko et al., who found an association between symptomatic radionecrosis and prior WBRT in metastatic and primary brain tumors treated with SRS [3] . Our data suggests that caution should be used when treating previously irradiated brain metastases with single-fraction SRS, particularly in patients with large lesions or a relatively long expected survival time. While we had also intended to study the contribution of post-SRS WBRT to radionecrosis rates, the short follow up after salvage WBRT in the majority of cases precluded this.
Low prescription dose (\21 Gy) was associated with a higher risk for radionecrosis. This association may be due to the larger average tumor size in the low dose group (1.8 vs. 0.9 cm), suggesting that the risk of radionecrosis associated with larger tumor size may outweigh any potential mitigating effect of a lower radiation dose. The prescribed doses in our patient cohort paralleled those used in RTOG 90-05, yet we observed higher overall rates of radionecrosis than were reported in that study [8] . The rate of radionecrosis requiring surgery in our study was comparable to that reported in RTOG 90-05 (5.5 vs. 8 % at 12 months). In contrast, we observed clinical or radiographic evidence of radionecrosis in 48 (17.7 %) lesions, as compared to only one (0.6 %) in RTOG 90-05. This may be explained by the less intensive radiographic follow up in RTOG 90-05. While we followed patients with brain MRIs every 3 months after SRS, patients enrolled in RTOG 90-05 could be followed by CT scans alone and were imaged only every 6 months after the first year. Notably, 27 % of patients in RTOG 90-05 required steroids at some time after SRS, perhaps representing a subset of patients with unrecognized radionecrosis that may have been evident with more intensive follow up. We posit that our findings are not incongruous with those reported in RTOG 90-05. Rather, our results suggest that with routine MR imaging and close clinical follow up, radionecrosis is more readily identified.
A significant limitation of our study and others remains the inadequacy of current imaging techniques to distinguish between necrosis and tumor. While advanced imaging studies such as FDG-PET may add diagnostic accuracy and were often utilized in our patient cohort, the sensitivity and specificity of such techniques are suboptimal [29, 30] . Future studies should be aimed at correlating imaging findings with pathologic diagnoses, to determine whether a reliable imaging signature for necrosis can be defined. We are currently investigating other imaging modalities such as 18F-fluorocholine PET imaging, in an effort to identify better ways to distinguish necrosis from tumor progression [31] .
In conclusion, we demonstrate that radionecrosis rates steadily increase over time after SRS. Although our reported rates are higher than in some other series, we believe this reflects the close follow up of our patient cohort with frequent MR imaging, which is a strength of Fig. 2 Actuarial incidence of radionecrosis, stratified by maximum tumor diameter of B0.5, 0.6-1.0, 1.1-1.5, and [1.5 cm our study. Furthermore, our rates of radionecrosis include not only symptomatic or pathologically confirmed necrosis, but also asymptomatic imaging changes from which a diagnosis of necrosis can be reasonably inferred. We demonstrate that the risk of radionecrosis strongly correlates with maximum tumor diameter on brain MRI. Such a correlation is clinically very useful, as tumor diameter can be used to assess radionecrosis risk prior to initiation of SRS planning. Given that radionecrosis is not always symptomatic, and tumor control is often difficult to achieve in larger tumors, we have not lowered our radiosurgery doses based on this data. As patient survival continues to improve in the metastatic setting, however, balancing tumor control and late complications such as radionecrosis will be increasingly important. Together, our data provides a thorough characterization of the rate of radionecrosis after SRS in patients with intensive follow up treated with modern radiotherapy techniques for brain metastases.
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